INTRODUCTION
Chattonella antiqua is one of the most harmful red tide flagellates, and causes serious damage to the Japanese fish farming industry. It is particularly harmful to the young yellowtail Seriola quinqueradiata (Shimada et al. 1983 , Toyoshima et al. 1985 . In recent years, increases in red tides due to Chattonella spp. have been noted worldwide (e.g. Marshall et al. 2002) . Because of the enormous economic loss, mass fish mortality induced by Chattonella spp. has become a major social problem, in addition to more typical forms of marine pollution. Although the detailed mechanism for the ichthyotoxicity of Chattonella spp. is unknown, suffocation is generally accepted as the direct cause of death (Endo et al. 1985 , Sakai et al. 1986 .
A number of studies have reported that Chattonella spp. generate reactive oxygen species (ROS), such as the superoxide anion (O 2¯) , hydrogen peroxide (H 2 O 2 ) and the hydroxyl radical (·OH) (Shimada et al. 1989 , Oda et al. 1992a ,b, 1993 , 1997 , Tanaka et al. 1992 , Kawano et al. 1996 . In ABSTRACT: The production of reactive oxygen species (ROS) by the red tide flagellate Chattonella antiqua (Raphidophyceae) was investigated. Flagellates were grown in an NIES (National Institute for Environmental Studies) culture tank containing 1 m 3 of f/2 medium under synchronized light conditions (12:12 h, L:D period). Raphidophycean flagellates are known to form ROS, such as the superoxide anion (O 2 -) and hydrogen peroxide (H 2 O 2 ) under normal growth conditions. We confirmed that C. antiqua generated O 2 -depending on the cell growth phase by chemiluminescence responses. O 2 -production had a maximum value during the exponential growth phase and subsequently decreased in the stationary phase. However, the maximum production of H 2 O 2 occurred in the early stationary growth phase. These results showed that O 2 -and H 2 O 2 generation pathways were different from each other in C. antiqua. The highest activity rates of both O 2 -and H 2 O 2 per carbon content (µg carbon -1 ) were observed during the exponential growth phase, but the pattern of ROS generation was significantly different between O 2 -and H 2 O 2 during cell growth. Two sets of intensive observations (at 3 h intervals) were conducted for diel phasing of the cell cycle in the exponential and stationary growth phases. In the exponential growth phase, O 2 -and H 2 O 2 production rates increased during the light period and decreased during the dark period, in spite of the increase in cell density due to cell division, indicating that the rates were affected by photosynthesis. The patterns of ROS production during the stationary growth phase were similar to those in the exponential phase, although the growth rate had less effect during the stationary than in the exponential phase. (Yang et al. 1995 , Oda et al. 1997 , Kim et al. 1999a . Thus, the production of ROS is one of the common characteristics of raphidophyean flagellates.
It is known that ROS are generated in various biological systems, and that their influence is harmful to living organisms (Babior 1978 , Johnson et al. 1981 , Halliwell & Gutteridge 1984 , Dean 1987 , Oda et al. 1989 . The generation of ROS is most likely to be controlled by oxidoreductases using NAD(P)H for the reduction of O 2 to O 2¯ (Boveris et al. 1972 , Thompson et al. 1987 . The ability of NAD(P)H oxidases found in plant plasma membranes to generate O 2¯ and H 2 O 2 has also been shown (Vianello et al. 1990 ). There is increasing evidence to suggest that NAD(P)H oxidases may be related to some important physiological functions. Interestingly, our recent studies (Kim et al. 2000) have reported that human neutrophil NAD(P)H oxidase also occurs in another species of the Chattonella genus, C. marina. This was demonstrated by Western blotting, using an antibody raised against human neutrophil NAD(P)H oxidase (gp91 phox) (Kim et al. 2000) . It was also found that the cell-free supernatant prepared from C. marina, which is thought to contain the glycocalyx, showed NAD(P)H-dependent O 2¯ generation (Kim et al. 2001) . The discharged glycocalyx (polysaccharide-containing structure on the cell surface) may be involved in C. marina ROS-mediated severe gill tissue damage, which leads to death of the fish; this occurred through the gill surface (Kim et al. 2001) .
Furthermore, previous studies have reported that Chattonella spp. exhibited ROS-mediated toxic effects on the marine bacterium Vibrio alginolyticus (Oda et al. 1992b , Kim et al. 1999b . Recent studies have demonstrated that a toxic response of juvenile rainbow trout Onocorhynchus mykiss to the presence of Heterosigma carterae (synonym of Heterosigma akashiwo), which also produces ROS, can be prevented by superoxide dismutase (SOD) and catalase, which are specific inhibitors of O 2 -and H 2 O 2 , respectively (Yang et al. 1995) . Since ROS are generally considered to be toxic to living organisms, the ROS generated by Chattonella spp. may be responsible for the gill tissue injury, which eventually causes fish death.
Several lines of evidence suggest that ROS are involved in the ichthyotoxicity of Chattonella spp. Ishimatsu et al. (1996) found that a strain of Chattonella producing very low levels of O 2¯ was less toxic to yellowtail than another strain producing higher levels of O 2¯. One of the aims of the present study was to evaluate the ichthyotoxicity of C. antiqua, which is the most notorious species in Japan due to the ROS, and to compare the mechanisms of ROS production between C. antiqua and C. marina (Oda et al. 1995) .
The pathways for ROS generation associated with cell cycles in the flagellates remain to be explained. Oda et al. (1995) reported from their flask level experiments that the generation rate of O 2 -and H 2 O 2 of Chattonella marina was higher during the exponential growth phase and decreased during the stationary phase. However, little is known about the detailed mechanisms of ROS generation in relation to the L:D cycle and the carbon accumulation by this flagellate during cell growth. Such a comprehensive analysis requires a large volume of algae samples grown under axenic culture conditions without strong shaking or wall-effects. The NIES (National Institute for Environmental Studies) culture tank ( Fig. 1 ) has been used to grow algae in large volumes (about 1 m 3 of f/2 medium) for several weeks under axenic conditions (Kohata & Watanabe 1986 ). Samples of C. antiqua can be obtained without any effect on the cells left in the tank, and subjected to immediate determination of O 2 -and H 2 O 2 production rates. Therefore, the second aim of this study was to investigate the generation of O 2 -and H 2 O 2 by C. antiqua during cell growth, as well as the effect of diel phasing of the cell cycle using the culture tank at NIES. Kohata & Watanabe 1986 , 1988 . Filters for air and seawater and pipelines between these filters were sterilized by steam (110°C, 0.5 kg cm -2 pressure) for 30 min. The tank was filled with 1 m 3 of f/2 medium, which was sterilized through 3 levels of filter (final filter was 0.1 µm Millidisk, Nipponpore). Then 1 l of C. antiqua pre-culture, in a 2 l Erlenmeyer flask containing 1 l of f/2 medium, prepared as above (8.0 × 10 2 cells ml -1 in the exponential phase of growth), was inoculated into the tank to give an initial cell concentration of 1 to 2 cells ml -1
. Illumination was provided by daylight 5 kW xenon lamps, at an irradiance level of about 565 µmol photons m -2 s -1 with a cycle of 12:12 h L:D (L: 06:00 to 18:00 h). The temperature was kept at 23 ± 1°C. Sterilized air in the form of fine bubbles (bubbling rate; 200 ml min -1 ) was introduced from the bottom of the culture tank, providing fully mixed conditions in the tank. Other experimental details have been described elsewhere , Kimura et al. 1999 ). The cell density was monitored once per day at 13:00 h at the middle level of the tank. The cell density reached the exponential growth phase several days after inoculation. Detailed measurements were then started, and continued for 24 h at 3 h intervals during the exponential (Day 11 to 12) and stationary (Day 15 to 16) growth phases.
Cell count and particulate carbon measurements. Samples were collected through Teflon tubes attached to the middle of the tank. Cell density and mean cell volume were measured using a cell counting system (Coulter Multisizer II). Samples were also examined using a light microscope (OPTIPHOT, Nikon) in order to observe changes in cell shape , Kimura et al. 1999 . For particulate carbon measurements, samples of water (500 ml) were filtered (filtration vacuum; 400 mm Hg) through precombusted (450°C for 4 h) Whatman GF/C 47-mm glass-microfibre filters. The filters were rinsed with 0.5 M ammonium formate and stored at -20°C until analysis. After the filters had been dried in a forced-air oven at 80°C for 48 h, particulate carbon on the filters was measured with a CHN analyzer (MT-3, Yanaco; Kimura et al. 1999 ).
Measurement of superoxide anion. Generation of the superoxide anion (O 2¯) was measured by the chemiluminescence method using 2-methyl-6(pmethoxyphenyl)-3, 7-dihydroimidazo[1, 2-] pyrazin-3-one (MCLA) as a superoxide-specific chemiluminescent probe (Lee et al. 1995 . MCLA was dissolved in distilled water and stored at -30°C until use. After the addition of MCLA to a cell suspension, the chemiluminescence response was recorded immediately with a Luminoskan TL Plus (Thermo Labsystems). As the levels of the O 2¯ generation detected by chemiluminescence responses were significantly high during the first 30 s of exposure after introducing cells to MCLA, the responses were accumulated for that time ). The reaction mixtures typically consisted of 500 µl cell suspension, 166 µl MCLA solution (final 5 µg ml -1 ), and 15 µl SOD (final 100 units ml -1 ) or f/2 medium. MCLA produced a slight chemiluminescence response in f/2 medium, but a similar level of response was also observed in distilled water under the same experimental conditions. Therefore, the value in f/2 medium alone was subtracted from each value as non-specific background. All chemiluminescence analysis was done at 27°C.
Measurement of hydrogen peroxide. Detection of hydrogen peroxide (H 2 O 2 ) in the cell suspension was done using the PHPA (p-hydroxyphenylacetate) assay method at 27°C (Hyslop & Sklar 1984) . After addition of PHPA (final 1 mM) and horseradish peroxidase (final 100 mg ml -1 ) to the cell suspension in f/2 medium, an increase in fluorescence intensity during the first minute of incubation was measured with a fluorescence spectrophotometer (Shimadzu RF-540) at an excitation wavelength of 317 nm and an emission wavelength of 400 nm, in the presence or absence of 500 units ml -1 catalase. The catalase-inhibited increase in fluorescence was considered to reflect actual H 2 O 2. The concentration of H 2 O 2 was estimated using a standard curve of H 2 O 2 in cell-free f/2 medium. The standard solution of H 2 O 2 in f/2 medium was prepared from reagent H 2 O 2 (Santoku Chemical Industries). Under these assay conditions, the increase in fluorescence was proportional to the concentration of H 2 O 2 .
RESULTS

O 2
-and H 2 O 2 production during growth phases
After inoculation of cells into the tank at an initial density of 1 to 2 cells ml , and then decreased subsequently. O 2 -and H 2 O 2 production was also measured at 1 d intervals at the same time of day (13:00 h), to examine the relationship between the O 2 -and H 2 O 2 production and the growth phase ( Fig. 2A) . The highest peak value was observed during the exponential phase with a cell density of about 6.8 × 10 2 cells m -1 (Fig. 2B ). After the population had reached the stationary phase, the production of O 2¯ decreased gradually and remained at a low level during this phase. However, as shown in Fig. 2A , the maximal production of H 2 O 2 was found during the stationary phase rather than the exponential phase. These results indicate that the O 2¯ generation pathway in Chattonella antiqua is different from that of H 2 O 2 .
Activity of O 2¯ and H 2 O 2 generation per particulate carbon content (GPC)
In order to investigate the generation of O 2¯ and H 2 O 2 during the growth phases in relation to cell metabolism, the intensity of the chemiluminescence response and the concentration of H 2 O 2 were divided by the determined particulate carbon (µg) of the cells (Fig. 3) . As shown in Fig. 3 , higher efficiencies of both calculated O 2¯ and H 2 O 2 generation rates per particulate carbon content (GPC; µg carbon -1 ) were found from Days 6 to 10 (i.e. during the exponential phase). The GPC of O 2¯ increased only in the exponential growth phase and subsequently decreased in the stationary phase, whereas there was no significant change in the GPC of H 2 O 2 during the late stationary phase.
Diel changes in ROS generation activity during growth phases
To ascertain whether or not the activities of O 2 -and H 2 O 2 were influential in the light effect, the production rates of O 2 -and H 2 O 2 were examined at 3 h intervals for diel phasing of the cell cycle in the exponential phase, together with measurements of cell density. As shown in Fig the light period and decreased during the dark period, with the increase in cell concentration occurring as a result of cell division (from 22:00 to 04:00 h). In the light period, the highest activity of chemiluminescence response by O 2 -and the production of H 2 O 2 increased gradually to 4 and 2.5 times, respectively, the minimum levels occurring during the dark period. The generation of O 2 -and H 2 O 2 in the stationary phase was also examined (Fig. 4B) . Although the total activities of O 2 -and H 2 O 2 production in the stationary phase differed from those in the exponential phase (about 0.38 and 2.8 times the values for the exponential phase), the extent of the changes induced in the photosynthetic effect appeared similar to those in the exponential phase. The maximum rate for O 2 -was 3.4 times the minimum value during the dark period, while the rate for H 2 O 2 was 2.3 times higher.
Comparison of ROS generation activity during growth phases
The changes in ROS generation for O 2 -and H 2 O 2 production in the exponential and stationary phases were calculated by dividing the total activity by particulate carbon of the cell to obtain GPC values. The comparisons are shown in Fig. 5 . All GPC values for O 2 -and H 2 O 2 increased during the light period and subsequently decreased in the dark period, but in clearly different ways. The GPC of O 2 -in the exponential phase was greater than in the stationary phase (Fig. 5) . In the case of GPC for H 2 O 2 , the values during the stationary growth phase showed no significant difference from those in the exponential phase (Fig. 5) . ) under optimum conditions in flask culture (Nakamura & Watanabe 1983) . As shown in Fig. 2B , the growth rate obtained in the present study (about µ = 0.67 d -1 ) was nearly the same as that obtained under the optimum condition and indicated that the large volume of the NIES tank could provide good conditions for growth throughout the culture experiment free from any effect due to sampling of the cells. Moreover, the turbulence used for mixing in the tank was so mild that it did not affect cell growth and kept other external conditions constant throughout the experiment (Kohata & Watanabe 1987 ). Oda et al. (1995) showed that the generation of O 2 -and H 2 O 2 by Chattonella marina was highest during the exponential growing phase, although the culture size and growth conditions were different from those we used here. The present study showed that another raphidophyceae, C. antiqua, also produced ROS. Although the pattern providing the highest generation of O 2 -was similar to that in C. marina, the timing of the peak of H 2 O 2 generation was somewhat different (Fig. 2A) , the highest H 2 O 2 production being observed in the stationary phase. Oda et al. (1997) also reported that the amount of hydrogen peroxide in their culture medium increased significantly after disruption of the cells by sonication on a GF/C glass-fiber filter, compared to the hydrogen peroxide level detected in intact cell suspensions. In addition, histological analyses have shown that C. antiqua do not have rigid cell walls, but glycocalyx on the cell surface, and make morphological changes under unsuitable culture conditions such as vigorous shaking or exposure to lower temperature (Tanaka et al. 1992) . We also monitored rates of C. antiqua cells morphologically changed from the spindle to round or rugged shape, which gradually increased during cell growth under a light microscope (by about 30%, data not shown). Thus, C. antiqua accumulated H 2 O 2 at high concentrations within the cell, and gradually released a small amount of H 2 O 2 until the early stationary growth phase ( Fig. 2A) .
DISCUSSION
Previous studies have reported that
GPC values were calculated from dividing generation data shown in Fig. 2 by particulate carbon content in order to clearly explain the growth metabolisminduced ROS production (Fig. 3) . The highest GPC of O 2 -and H 2 O 2 were observed in the early exponential phase. Interestingly, the present study shows that the GPC of H 2 O 2 remained comparable during the stationary phase, although the value in the stationary growth phase was lower than that in the exponential phase (Fig. 3) . These results suggest that production of ROS was related to the growth metabolism-induced cell division of Chattonella antiqua. Similar relations have been found for another raphidophycean flagellate such as Heterosigma akashiwo (Asai et al. 1999) and C. marina (Oda et al. 1995) . In agreement with these results, previous evidence has also shown in the case of a higher animal cell that the generation of ROS is one of the earliest events involved in positive control of cell growth in response to growth factors under growth-promoting conditions (Murrell et al. 1990 , Shibanuma et al. 1990 ).
Previous studies on higher plants have shown that ROS production may be related to photosynthetic effects. For example, increasing production of ROS species by senescing thylakoids is sensitive to SOD and appears to be mediated through a photochemical reaction involving chlorophyll (McRae & Thompson 1983) . Chlorophyll is known to act as a photosensitizer by transferring excitation energy and can react directly with oxygen to produce ROS species (Rabinowitch & Fridovich 1983) . Therefore, chlorophyll may act as a primary producer of ROS species. Chattonella antiqua, a small golden-brown raphidophycean flagellate, also contains numerous chloroplasts (chlorophylls a, c and fucoxanthin) in the peripheral cytoplasm (Kohata & Watanabe 1988) . In fact, Kohata & Watanabe (1988) reported that chlorophyll in C. antiqua showed a significant increase during the light period due to photosynthesis and a decrease during the dark period, the increase in cell concentration occurring as a result of cell division. More recently, Marshall et al. (2002) also demonstrated that ROS generated by Chattonella spp. were significantly decreased by the photosynthesis-blocking herbicide DCMU (3-(3, 4-dichlorophenyl)-1,1-dimethyl-urea). As shown in Fig. 4 , O 2 -and H 2 O 2 increased during the light period as a result of photosynthesis and decreased during the dark period in their diel phasing of cell cycle. The pattern of increase is consistent with the above reports. Thus, the mechanism of ROS generation in C. antiqua may be affected by photosynthesis, through an activated electron acceptor with highly reactive oxidants similar to that of higher plants.
The absolute values of production rates for H 2 O 2 , the most stable ROS, can be obtained quantitatively during the cell cycle with the PHPA method under normal culture tank conditions. In the present study, the rate of H 2 O 2 production by Chattonella antiqua was about 0.46 pmol min -1 per single cell. The rate ranged from 0.14 to 0.46 pmol min -1 per single cell, showing the highest values in the exponential phase (data not shown). Oda et al. (1997) have reported that the rate of H 2 O 2 production by C. antiqua and C. marina was 1.0 and 2.0 to 3.3 nmol min -1 10 4 cells -1
, respectively, values that correspond to 0.1 and 0.2 to 0.33 pmol min -1 per single cell, respectively. The rate of H 2 O 2 production by C. antiqua is expected to be higher than that of other raphidophycean flagellates if only cell sizes are considered, because C. antiqua has the largest cell (Oda et al. 1997) . The rate of 0.46 pmol min -1 per single cell of C. antiqua in the present study is consistent with that for C. marina and considerably higher than the value for C. antiqua reported by Oda et al. (1997) . In fact, our preliminary experiment has shown that the production rate was decreased significantly in cultures of C. antiqua depleted of nitrogen or phosphorus (authors' unpubl. data). Differences in culture conditions may cause more difficulties in making comparisons.
In order to compare the production rates of ROS in the exponential and stationary growth phases free from the effect of changes in cell size, we calculated GPC values as described before. The GPC for H 2 O 2 of Chattonella antiqua in the stationary phase was similar to that in the exponential phase in terms of level and diel pattern of change (Fig. 5) . On the other hand, the GPC of O 2 -in the stationary phase decreased to a trace level (Fig. 5) . The different patterns of decrease shown by H 2 O 2 and O 2 -suggest that the 2 ROS are generated by C. antiqua, using different mechanisms in its metabolic or enzymatic systems.
Chattonella antiqua is a motile phytoplankton capable of diel vertical migration and nocturnal nutrient uptake. The cells accumulate at the surface during the day for photosynthesis and sink to the nutrient-rich deeper layer during the night. The ecological importance of diel vertical migration for the nutrition and accumulation of flagellates has been examined using the NIES tank , Kimura et al. 1999 . Although the toxicity induced by ROS should be linked with cell migration through the cell cycle and nutrition, the present study was conducted under fully mixed conditions. Observations of ROS formation by C. antiqua under stratified conditions in the tank are in progress, in order to clarify the relationship between the production of ROS and the uptake of nutrients such as N and P during cell growth. In a preliminary experiment under the stratified conditions, ROS also showed clear diel change. The production of both O 2 -and H 2 O 2 was also increased during the light period due to photosynthesis, and decreased during the dark period, similar to that in the present experiment (data not shown).
In conclusion, our results demonstrate that (1) the generation of ROS for diel phasing of the cell cycle by Chattonella antiqua increases during the light period as a result of photosynthesis and decreases during the dark period, (2) ROS generation rates are closely related to the growth metabolism-induced cell division of C. antiqua, and (3) the pattern of ROS generation was significantly different between O 2 -and H 2 O 2 production during cell growth phases.
